Abstract. The northward flow of the upper limb of the Atlantic Meridional Overturning Circulation (AMOC) is fed by waters entering the South Atlantic from the Indian Ocean mainly via the Agulhas Current (AC) system and by waters entering from the Pacific through Drake Passage (DP), commonly referred to as the 'warm' and 'cold' water routes, respectively. However, there is no final consensus on the relative importance of these two routes for the upper limb's volume transport and thermohaline properties. In this study we revisited the AC and DP contributions by performing Lagrangian analyzes between the two source Our results agree with the prevailing conception that the AC contribution is the major source for the upper limb transport of the AMOC. However, they also suggest a non-negligible DP contribution of at least 40 %, which is substantially higher than estimates from previous Lagrangian studies with coarser resolution models, but now better matches estimates from Lagrangian observations. Moreover, idealized analyzes of decadal changes in the DP and AC contributions indicate that the ongoing 10 increase in Agulhas leakage indeed may have evoked an increase in the AC contribution to the upper limb of the AMOC while the DP contribution decreased. In terms of thermohaline properties, our study highlights that the AC and DP contributions cannot be unambiguously distinguished by their temperature, as the commonly adopted terminology may imply, but rather by their salinity when entering the South Atlantic. During their transit towards the NBC the bulk of DP waters experiences a net density loss through a net warming, whereas the bulk of AC waters experiences a slight net density gain through a net increase 15 in salinity. Notably, these density changes are nearly completely captured by those Lagrangian particle trajectories that reach the surface mixed layer at least once during their transit, which amount to 66 % and 49 % for DP and AC waters, respectively. This implies that more than half of the water masses supplying the upper limb of the AMOC are actually formed within the South Atlantic, and do not get their characteristic properties in the Pacific and Indian Oceans.
INALT20 was developed within the DRAKKAR framework (Barnier et al., 2014) and consists of an ocean model formulated with the Nucleus for European Modelling of the Ocean (NEMO, version 3.6, Madec and NEMO-team, 2016) coupled to the LIM2-VP sea-ice model (Fichefet and Maqueda, 1997) . The ocean is therein described by the primitive equations, that are, the Navier-Stokes equations along with a nonlinear equation of state, with commonly adopted approximations resulting from scale 25 considerations including the Boussinesq approximation that effectively reduces mass conservation to volume conservation.
It is implemented on a horizontal tripolar Arakawa C-grid (Mesinger and Arakawa, 1976) , which is Mercator-type south of • . This yields an effective resolution of 5.6-27.8 km in the global base and 2. 5-5.6 km in the nest, which allows to fully resolve mesoscale processes (c.f., Hallberg, 2013) .
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In the vertical it is composed of 46 z-levels, with grid spacing increasing from 6 m at the surface to maximum 250 m at depth. Bottom cells can be partially filled, thus allowing for an adjustment to a more realistic topography, which has been obtained from the bathymetry developed by the DRAKKAR community (Barnier et al., 2006) and from interpolating ETOPO1
[https://sos.noaa.gov/datasets/etopo1-topography-and-bathymetry/] for the 1/4
• and the 1/20
• grid, repectively.
For the employed hindcast (experiment identifier KFS044), the model was initialized with temperature and salinity fields from the Levitus World Ocean Atlas 1998 (Levitus et al., 1998 , https://www.esrl.noaa.gov/psd/); spun up from rest for 30 years;
and subsequently run with forcing from the interannually varying atmospheric fields of the Coordinated Ocean-Ice Reference
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Experiments data set version 2 (CORE; Large and Yeager, 2009; Griffies et al., 2009 ) for the period . Turbulent airsea fluxes were calculated during the model integration through bulk formula using the prescribed atmospheric state, as well as the simulated sea surface temperatures and relative winds. Lateral boundary conditions were set to free slip in the base model and no slip in the nest. The momentum equations were discretized using the energy and enstrophy conserving (EEN; Arakawa and Hsu, 1990) advection scheme with Hollingsworth correction (Hollingsworth et al., 1983; Bell et al., 2017 ) and a bi-
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Laplacian lateral diffusion operator. The evolution of tracers was simulated using the total variance dissipation (TVD; Zalesak, 1979 ) advection scheme and a Laplacian isoneutral diffusion operator. Viscosity and diffusivity coefficients vary horizontally according to the local grid size and are specified via their maximum values Ahm0 and Aht0, set to −6 × 10 in the nest (base), respectively. Vertical sub-grid scale physics have been parameterized using a turbulent kinetic energy (TKE; Gaspar et al., 1990; Madec et al., 1998 ) dependent closure scheme.
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In this study we used the simulated 5-day mean velocity and tracer fields from the nested domain, which show a realistic representation of the mean flow pattern and mesoscale eddy activity in the South Atlantic and adjacent Southern Ocean sector ( , uncertainties are given in terms of one 20 standard deviation). This value is not too far from the ACC transport of 134 ± 11.2 Sv reported by Cunningham et al. (2003) , given that they estimated the error of this average transport to be between 15 and 27 Sv. Notably, the model features a distinct South Atlantic Current (SAC) north of the ACC and captures the anticyclonic circulation of the Zapiola Gyre (Fig. 1a) , while coarser resolution models generally failed to separate the SAC from the ACC and did not resolve the Zapiola Anticyclone (cf. Stramma and England, 1999) . In an accompanying study Schwarzkopf et al. (in preparation) show that the total simulated 25 Agulhas Current transport compares reasonably well with available observational estimates from the ACE (at 32 Bryden et al., 2005) and ACT (at 34
• S, Beal et al., 2015) arrays. Moreover, the simulated standard deviation of sea surface height (σ SSH ), which is a measure of surface geostrophic eddy variability, agrees well with the observed pattern and magnitude of σ SSH derived from the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) data product . In particular, it features the characteristic pattern of high σ SSH at the Brazil-Malvinas-Confluence zone, as well as in the 30 extended Agulhas Current system.
Within the simulated 5-day mean velocity fields, also the strength and variability of NBC and AMOC are well represented. • S features the characteristics already presented in Rühs et al. (2015) : the NBC and AMOC transports vary roughly in 10 phase with overall decreasing transports in the 1960s and 1970s, and a recovering in the 1980s and the early 1990s, whereby the decadal NBC variability is more than twice as large in magnitude. This suggests that the conclusions of Rühs et al. (2015) also hold for this model simulation, i.e., that the basin-scale decadal variability of the AMOC is indeed captured in the NBC, but is additionally superimposed (and thus masked) by wind-driven gyre-variability.
Offline Lagrangian analysis of AMOC upper limb pathways with ARIANE
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We used the ARIANE tool (version 2.2.6, www.univ-brest.fr/lpo/ariane, Blanke and Raynaud, 1997; Blanke et al., 1999) to perform three sets of offline Lagrangian experiments, one reference set (hereafter REF), and two sensitivity sets corresponding to a weak and a strong phase of Agulhas leakage (hereafter lowAL and highAL).
ARIANE is a freely available FORTRAN software that infers Lagrangian particle trajectories from simulated three-dimensional volume-conserving velocity fields saved on a C-grid by advecting virtual fluid particles along analytically computed stream- Blanke et al. (1999) each particle was tacked with a partial volume transport (max. 0.01 Sv), so that the cumulative transport of all particles released at each time step reflects the current total NBC transport. Subsequently, the particles were advected backwards in time until the point where they entered the study domain through one of the predefined source sections displayed in Fig. 3 , but at maximum for 40 years. During the trajectory integration the potential temperature and salinity fields were linearly interpolated onto the particle positions.
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For the Lagrangian sensitivity experiments we followed the same procedure as for REF, but used only velocity fields from preselected periods of weak (1960-1969) and strong (2000-2009) Agulhas leakage (based on the Agulhas leakage transport timeseries inferred from a complementary set of offline Lagrangian experiments following Durgadoo et al. (2013) , cf. Appendix A). That is, we released particles in the NBC at 6
• S for years 1960 -1969 (lowAL) and 2000 -2009 , respectively, and 6 Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-134 Manuscript under review for journal Ocean Sci. Discussion started: 7 December 2018 c Author(s) 2018. CC BY 4.0 License. then traced them backwards towards the predefined source sections by looping through the velocity data of each period for at maximum 40 years (instead of making use of the whole simulation period 1958-2009). Even though this looping technique has already been employed by various authors (e.g., Döös et al., 2008; Rühs et al., 2013; Thomas et al., 2015; Berglund et al., 2017; Drake et al., 2018) , the obtained results have to be interpreted with caution. Looping may introduce unphysical jumps in the velocity and tracer fields and, consequently, also in the volume transport pathways and along-track tracer changes. Döös Thomas et al. (2015) showed that the errors in the pathways introduced by looping can be negligible if a sufficiently high number of virtual fluid particles is considered and the (model) drift in the velocity fields is not too large. We are accounting for that by continuously seeding particles over 10 years and looping over a period of only 10 years. However, the analysis of along-track thermohaline property modifications makes little sense for timescales exceeding the period of available data. Therefore, in this study, we employ the looping technique only for estimating sensitivities of the derived volumetric 10 connectivity measures to different idealized states of the South Atlantic circulaton pattern, but not for assessing along-track property modifications.
To quantitatively evaluate the major pathways of the large set of individual trajectories we followed Blanke et al. (1999) and calculated Lagrangian transport streamfunctions (Fig. 3a) . These represent time-integrated mean volume transport pathways derived from all trajectories entering and leaving the domain -particles still in domain were not considered (including them Atlantic (EQ), 6.3 Sv (27 %) from the Agulhas Current (AC), and 4.7 Sv (20 %) from Drake Passage (DP) (Fig. 3b) . Other inflow sections from the Indian Ocean (nIO and eIO) constitute only a minor source of 0.8 Sv. On average 2.6 Sv could not be unequivocally attributed to one of the predefined sources, since the associated particles did not leave the study domain within the 40 years of integration (see discussion below). necessitates the adopted strategy of multiple Lagrangian experiments with different release periods (Fig. 3c) . Most interannual volume transport variability in the NBC is related to variability in the EQ contribution, whereas interannual variability in the AC and DP contributions are less pronounced. Even though the order of the individual sources according to their total volume transport contribution does remain constant in all experiments and the EQ contribution is always the largest, the relative EQ However, the here discussed Lagrangian analyzes are not sufficient to unequivocally determine a link between Agulhas leakage strength and the AC contribution to the NBC transport. In principle, a larger Agulhas contribution could stem from a preceded 15 increase in Agulhas leakage and/or from a higher percentage of Agulhas leakage waters reaching the NBC due to changes in the subtropical gyre circulation -even if Agulhas leakage itself stays constant or decreases (cf. Tim et al., in review) . In Sect.
3.5, we discuss the possible impact of an ongoing increase in Agulhas leakage on the NBC and upper limb of the AMOC in more detail by making use of lowAL and highAL.
Some uncertainty in our analysis arises from the fact that on average 2.6 Sv of NBC waters could not be sampled at one 20 of the source sections after 40 years of trajectory integration since the corresponding particles remained inside the predefined domain. At the end of the integration period most of these particles could be located within the interior of the tropical and subtropical gyres (not shown), indicating that (multiple) recirculations prevented them from leaving through one of the source sections. To obtain a first estimate of where these waters may stem from, we extended the integration period for the respective particles to 80 years by cycling through the available velocity data for the period 1958-2009 (similar procedure as for the
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Lagrangian sensitivity experiments lowAL and highAL described in Sect. 2.2, but by making use of the whole velocity data set instead of restricted time periods). In the additional 40 years of integration, out of the 2.6 Sv, 0.8 Sv could be sampled at the DP, 0.4 Sv each at the AC and EQ, and 0.1 Sv at the IO sections, 0.8 Sv still did not reach any section. This suggests that our analysis of the REF experiments with 40 years integration most likely slightly underestimates the AC, EQ, and in particular the DP contribution (further support for this assumption follows below in Sect. 3.2).
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Of particular interest for this study are those sources contributing to the northward flow of the upper limb of the AMOC, which are the AC, DP, and IO contributions that amount to 11.8 Sv when averaged over all Lagrangian experiments in REF.
The EQ contribution is not considered part of the net northward upper limb flow at 6
• S, since the southward inflow happens across the same zonal section and in the same depth range as the northward NBC outflow. We attribute this contribution to the more local tropical circulation, acknowledging that the NBC is not only part of the basin-scale AMOC but also of the years of integration, respectively), and (iii) differences in Lagrangian and Eulerian averaging.
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Our results -with and without the second integration cycle -seem to generally agree with the prevailing conception that the warm water route is the major source for the return flow. The respective AC and minor IO contribution to the AMOC's upper limb transport at 6
• S amounts to 60 % (7.1 from 11.8 Sv) in REF, and to 58 % (7.6 from 13.1 Sv) in the extended experiment.
Nonetheless, we also obtained a DP contribution of 40 % (4.7 from 11.8 Sv) and 42 % (5.5 from 13.1 Sv), respectively, which, to our knowledge, is substantially higher than those inferred from all previous Lagrangian model studies, but now better increased resolution leads to a way more realistic representation of the current structure in the southern South Atlantic. Despite generally enhanced eddy-driven cross-frontal transports it allows for the separation of the SAC from the ACC as described in Sect. 2.1, and a more detailed representation of the intricate flow pattern in the Brazil-Malvinas-Confluence zone. All these features potentially influence the existence and strength of the direct DP contribution (cf. Sect. 3.3). On the other hand, coarser resolution models are likely to overestimate the AC contribution due to unrealistically high Agulhas leakage (cf. Sect. 1), 25 thereby reducing the relative importance of the DP contribution. It must be underlined however, that Speich et al. (2001) and Speich et al. (2007) used an OGCM in a robust diagnostic mode. Therefore, the analyzed fields have to be interpreted rather as a dynamical interpolation of observations than as a prognostic model output. Hence, more dedicated studies are needed to test the sensitivity of the relative DP and AC contributions to the model resolution, as well as to the potential impact of other details in the model configuration and forcing. In terms of observations, estimates of corresponding mean absolute transports were 3.2 Transit times towards NBC at 6
The transit times of waters from the different sources to reach the NBC are crucial for understanding how these source waters and potential changes therein are transported downstream and thus impact the mean characteristics and variability of NBC waters and the upper limb of the AMOC. Figure 4 shows the transport-weighted distributions of the advective transit times through the South Atlantic from the EQ, AC, and DP sections, respectively: From the EQ section the NBC is reached by the majority of particles (> 50 %) in less than 10 3 years, with 1 year being the most frequent transit time (modal value of the transit time distribution), which results from short pathways on which changes can be relatively fast and directly transmitted. This is one reason why interannual variability in the NBC mostly corresponds to variability of the EQ contribution, which is most probably a response to local variability in the wind forcing (cf. Rühs et al., 2015) . From the AC and particularly DP the majority of particles (> 50 %) reach the NBC in 9 years and 18 years, and the most frequent transit times are 7 years and 12 years, respectively, hence they need considerably However, our analysis does not show a second peak. This may be due to differences in the horizontal and temporal resolution of the employed ocean models. Our analysis is based on a high-resolution fully eddying configuration, whereas Speich et al.
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(2001) used a coarse, non-eddying, one. Moreover, we used 5-day mean velocity fields of a hindcast experiment forced with interannually varying atmospheric fields, whereas Speich et al. (2001) used monthly means from a climatological experiment.
The increase in resolution and allowance for interannual variability most likely lead to more diverse recirculation pathways and associated transit times, thereby disintegrating the second peak in the transit time distribution.
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Further note that the shape of the transit time distribution for the DP contribution shows a less distinct modal value and a broader tail than those for the AC and EQ distributions. This supports our assumption (cf. Sect. 3.1) that a large part of the particles still in the domain after 40 years of integration probably could be attributed to the DP source and consequently reinforces the importance of the DP as a contributor to the upper limb of the AMOC.
AMOC upper limb pathways in the South Atlantic
5
In this section we have a closer look at the mean AMOC upper limb pathways in the South Atlantic by investigating the connection from the two major individual sources, that are the AC and DP regions, towards the NBC. This is done by the use of conditional Lagrangian streamfunctions, which were calculated considering only the respective subsets of trajectories and represent the associated net advective volume transport pathways (Fig. 5) .
From the Indian Ocean the dominant volume transport pathways towards the NBC are via the narrow Agulhas Current,
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Agulhas leakage -in form of Agulhas rings or within the Benguela Current -and the broad South Equatorial Current (Fig.   5a ), as already described in previous studies (e.g., van Sebille et al., 2011; Rühs et al., 2013) . Some recirculation may occur in the subtropical gyre (∼ 1 Sv) and in the Agulhas basin itself (∼ 3 Sv). AC waters contributing to the NBC enter as surface and intermediate waters over the whole longitudinal and depth range of the Agulhas Current and later occupy the whole longitudinal and depth range of the NBC (Fig. 6a,c) .
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From the Pacific, the majority of fluid particles later reaching the NBC through a relatively direct path (without a detour through the Indian and eventually also Pacific Ocean within the Southern Hemispere supergyre) is entering the Atlantic through the northern part of Drake Passage (∼ 3 Sv), then follows a narrow path through the Malvinas Current and the South Atlantic Current, before entering the South Equatorial Current over a broad longitudinal range in the eastern part of the basin (Fig. 5b) as roughly described in Speich et al. (2001) . However, as already indicated by the relatively broad transit time distribution, 20 there are many different pathways for DP waters towards the NBC with different side-tracks: Some particles amounting to ∼ 1 Sv follow the ACC into the eastern part of the basin, eventually make a little detour into the Agulhas basin and finally enter the South Equatorial Current via the Benguela Current System. ∼ 1 Sv of DP waters is recirculated in the South Atlantic subtropical gyre at least once before finally entering the NBC.
A comparison of the DP particle distributions at the NBC section with the local Eulerian mean cross-section velocities
25
shows that DP particles can be found over the whole depth range and zonal extent of the NBC roughly proportional to the local current strength (Fig. 6d) . The DP particle distribution at the source section, however, does not directly reflect the Eulerian cross-section flow through Drake Passage (Fig. 6b) . The eastward ACC transport through Drake Passage is known to occur mainly within two jets corresponding to the Subantarctic Front and the Polar Front (Cunningham et al., 2003; Firing et al., 2011) . These two maxima are captured in the model simulation, but only from the northern one virtual fluid particles may • W have zero chance to enter the subtropical gyre before leaving the Atlantic sector of the Southern Ocean south of Africa towards the Indian Ocean sector (at least in this model study). These imaginary borders also define the separation between the direct and indirect cold water route, which in our study is located more eastern than • C. However, the AC and DP water contributions can be well distinguished by the salinity in their source regions: 99 % of the DP (AC) contribution originally has salinities lower 20 (greater) than 34.45. Thus we may consider fresh and salty routes as an alternative more precise terminology, even though we would still recommend referring directly to the geographic origin to avoid ambiguities. Upon arrival in the NBC, fluid particles with DP origin cover nearly the same θ-S spectrum as those particles with AC origin, that are, temperatures from 3.5
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• C to 30.0
• C and salinities from 34.25 to 37.60 (34.25 to 37.65 for AC waters), with corresponding σ θ from 22.7 to 27.6 (23.0 to 27.6 for AC waters). The comparison of the initial and final θ-S spectra shows that substantial thermohaline property modification does 25 occur on the transit through the South Atlantic. The bulk of waters entering the South Atlantic through AC and DP that later reach the NBC becomes more salty during the transit. Waters of DP origin additionally experience a substantial broadening of their temperature spectrum associated with a general warming.
These thermohaline property modifications are also eventually associated with transformations in density space. To quantify those, we binned the partial transports of all particles according to their potential density anomaly at their origin (Fig. 7e) 
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and upon arrival in the NBC (Fig. 7g) , for each contribution separately. Then we compared the transport-weighted density distributions at the entry sections and the respective distributions in the NBC. The difference between the initial and final distributions quantifies the net transformation of the bulk of water (Fig. 7f) , which may be a result of multiple modification processes. We additionally repeated this analysis for respective subsets of surface (σ θ < 26. (Fig. 8) . Other authors following Roemmich (1983) chose σ θ =26.8, but in our simulation waters with 26.8 < σ θ < 27.0 seem to fall in the central water range with a still relatively large vertical gradient (Table 1) . To sum 15 it up, in contrast to AC waters, the bulk of DP waters experiences a net density loss during the transit towards the NBC.
Changes of temperature and salinity and thus density along volume transport pathways generally correspond to the mean effect of surface fluxes, such as direct warming by solar heat flux or precipitation and evaporation processes, and mixing with ambient waters due to parameterized and spurious tracer diffusion of the OGCM. The fact that both DP and AC waters show a salinification during their transit implies that they do not only mix with each other, but that mixing with other ambient waters 20 and/or surface fluxes may play an important role, too.
To further investigate the transformation in the bulk AC and DP water volumes occurring during the transit and to determine their origin, we assessed which particles reached the mixed layer on their transit between the DP or AC and the NBC, and then investigated the net transformation of waters with and without mixed layer contact separately. Following the criterion used during the OGCM integration and also adopted in comparable Lagrangian studies (cf. Blanke et al., 2002; Tim et al., in 25 review), we assume a particle having reached the mixed layer if its density (that equals the ambient density) differs by less than 0.01 kgm −3 from the density at 10 m depth. During the transit through the South Atlantic the surface mixed layer is reached at least once by 66 % (3.1 from 4.7 Sv) and 49 % (3.1 from 6.3 Sv) of DP and AC waters, respectively. That implies that these waters most likely do gain their specific characteristics within the South Atlantic and -if adopting the common definition of a water mass as a body of water with common formation history -are strictly speaking not water masses with Indian Ocean 30 or Pacific origin as may be suggested by their prior classification as AC or DP waters. subtropical gyre where eastern subtropical mode water (ESTMW or SASTMW2 in H01 and S14, respectively) and southern subtropical mode water (SASTMW3 in S14) are formed, respectively, as well as east of Drake Passage where subantarctic mode water (SAMW in H01) originates. Notably, the formation region of classical western subtropical mode water (STMW or SASTMW1 in H01 and S14, respectively) located east of the western boundary current, that is, the Brazil Current, does not stand out in the frequency distribution. That suggests that western subtropical mode water is no major contributor to NBC The mixed layer contact of virtual fluid particles on their transit between the AC or DP and the NBC greatly impacts their characteristic properties. Most notably, the net transformation in density space of DP and AC waters (Fig. 7f) is almost 15 completely captured by those particles with mixed layer contact (Fig. 10d) , whereas water property modifications associated with particles without mixed layer contact are characterized by only minor changes in density space (Fig. 11d) .
Nearly all DP particles entering the South Atlantic in the central water range and more than half (1.6 from 3. In highAL the AC contribution amounts to 7.0 Sv which constitutes 30 % of the total NBC transport and 58 % of the AMOC upper limb transport at 6 • S; whereas the DP only contributes 4.1 SV, that is, 18 % and 34 % to the NBC and upper limb 20 transports, respectively. In contrast, in lowAL the DP contribution slightly exceeds the AC contribution. The AC contribution only amounts to 5.1 Sv, that is, 22 % of the total NBC transport and 46 % of the AMOC upper limb transport at 6 • S; whereas the DP contribution provides 5.3 SV, that is, 23 % and 48 % to the NBC and upper limb transports, respectively. In highAL and lowAL on average 2.1 and 2.8 Sv remained in the domain after 40 years of integration, respectively, from which a large part probably would additionally add to the DP contribution under longer integration times (cf. Sect. 3.1). The higher amount 25 of unsampled particles in lowAL can be related to the generally longer transit time from DP to NBC than from AC to NBC: A circulation pattern with more pronounced DP contribution is associated with a shift of the total transit time distribution, that is, a transit time distribution inferred of particles from all sources, towards longer time scales (not shown); it consequently yields more particles still in the domain after 40 years of integration. These estimates suggest that the increase in Agulhas leakage between the 1960s and 2000s is indeed reflected in an increase of the AC contribution to the AMOC's upper limb transport and is further accompanied by a decrease in the DP contribution.
The increase in the AC contribution to the AMOC's upper limb is, however, not directly proportional to the increase in Agulhas Leakage, but weaker (1.9 Sv compared to 6.2 Sv, respectively). This fits to the findings of Durgadoo (2013) This strengthening leads to a favored re-circulatory route at the bifurcation point of the South Equatorial Current at the coast off Brazil. Consequently, less Agulhas leakage waters feed into the North Brazil Current. The strengthened re-circulatory route could also be regarded as one potential reason for the simulated decrease in the DP contribution. However, due to the conceptual limitations of the here presented idealized analysis, the results are not yet conclusive and should be rather regarded 5 as a motivation for future studies.
Summary and Conclusions
In this study we revisited the relative importance of (i) the relatively warm and salty waters entering the South Atlantic from the Indian Ocean mainly via the Agulhas Current (AC) system, commonly referred to as the warm water route, and (ii) the colder and fresher waters entering directly from the Pacific through Drake Passage (DP), termed the (direct) cold water route, for the To do so we used the simulated three-dimensional 5-day mean velocity and tracer fields from a hindcast experiment Even though our results generally agree with the prevailing conception that the AC contribution is with around 50 % the major source for the upper limb transport of the AMOC (and yields together with other minor Indian Ocean contributions a 20 total warm water route contribution of 60 %), they also suggest a non-negligible DP or cold water route contribution of at least 40 %. That is a substantially higher value for the DP contribution than previously inferred by Lagrangian studies with coarser resolution models (6-13 %, Speich et al., 2001; Donners and Drijfhout, 2004; Speich et al., 2007) , but now better matches estimates from observations (36 %, Rodrigues et al., 2010 ). Yet, our first idealized analysis of potential decadal changes in the DP and AC contributions indicates that the ratio of the two sources is subject to temporal variability. On the one hand, there 25 may have existed phases in which DP and AC yielded comparable volumetric contributions to the upper limb of the AMOC; on the other hand, the ongoing increase in Agulhas leakage indeed could have evoked an increase in the AC contributionthough this increase is weaker than the increase in leakage itself and goes along with a decrease in the DP contribution.
In terms of thermohaline properties, our study highlights that waters with DP and AC origin cannot be clearly distinguished by the temperature at their source as the commonly adopted terminology may imply, but instead by their salinity. It further 30 reveals substantial thermohaline property modifications of AC and DP waters during their transit through the South Atlantic, upon arrival in the NBC waters of both origins can be found in the same temperature and salinity range. The bulk of DP waters experiences a net density loss through a net warming, the bulk of AC waters a slight net density gain through a net increase
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Ocean Sci. Discuss., https://doi.org/10.5194/os-2018-134 Manuscript under review for journal Ocean Sci. Discussion started: 7 December 2018 c Author(s) 2018. CC BY 4.0 License. in salinity. These modifications in density space are nearly completely captured by those Lagrangian particle trajectories that are reaching the surface mixed layer at least once during their transit, which amount to 66 % and 49 % from the DP and AC waters, respectively. This implies that 53 % of the water masses supplying the upper limb of the AMOC are formed within the South Atlantic, and only 14 % and at maximum 33 % get their characteristic properties in the Pacific and Indian Oceans, respectively. This stresses the point, that the South Atlantic is not only a passive conduit for remotely formed water masses, Finally, even though in this study we focused on the importance of the ratio of the DP and AC contributions for the upper limb of the AMOC, the ratio of the two inflows generally impacts the thermohaline structure of the whole South Atlantic, with consequences also on a more regional scale, for instance, for the Benguela upwelling region (Tim et al., in review) or the tropical Atlantic (Lübbecke et al., 2015; Castellanos et al., 2017) . Table 1 . Net water mass transformation of surface, central, and intermediate waters with AC and DP origin between their entry into the South Atlantic and arrival in the NBC in Sv; water volumes without any net transformation into a different class are additionally listed in brackets.
